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(57) Abstract 

A microelectrcmechanical accelerometer (60) having submicron features is fabricated from a single crystal silicon substrate (10). The 
accelerometer includes a movable portion incorporating an axial beam (102) carrying laterally-extending high aspect ratio released fingers 
(110-117, 120-127) cantilevered above the floor of a cavity formed in the substrate during the fabrication process. The movable portion is 
supported by restoring springs (132, 142) having controllable flexibility to vary the resonant frequency of the structure. A multiple-beam 
structure provides stiffness in the movable portion for accuracy. 
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MICROELECTROMECHANICAL LATERAL ACCELEROMETER 

Background of the Invention 

This invention was made with Government 
support under Grant No. DABT 63-92- C- 0019 awarded 
by the Advanced Research Projects Agency /Army 
Research Office/MEMS. The Government has certain 
rights in the invention. 

The present invention relates, in general, to 
microelectromechanical accelerometers and more 
particularly to accelerometers fabricated from 
single crystal silicon beams having high aspect 
ratios for high sensitivity, and to a method for 
fabricating such devices. 

Various techniques and processes have been 
devised for fabricating micromachined structures 
such as accelerometers, and these prior techniques 
have been discussed in the literature. However, 
most such processes require multiple masking 
steps, wafer- to- wafer bonding, or the use of wet 
chemistry. It has been found, however, that the 
use of such multiple masks and bonding techniques 
can introduce alignment errors which reduce yield 
and increase device cost, making such processes 
unsuitable for sub-micron structures. 

In addition, prior accelerometers have 
presented problems in that they have required a 
relatively large amount of power for operation, 
and this is not suitable for 
microelectromechanical devices. For example, 
accelerometers have been developed which utilize 
a solid block of material as the proof mass, with 
piezoelectric supports for the block connected in 
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a bridge circuit. Such devices can require as 
much as 2 milliamps of current for operation. 

The present application is a continuation-in- 
part of U.S. application Serial No. 08/067,264 of 
5 Kevin A. Shaw, Scott G. Adams, and Noel C. 
MacDonald, filed May 26, 1993, and entitled 
"Microeletromechanical Lateral Accelerometer" . 

Summary of the Invention 

It is, therefore, an object of the present 

10 invention to provide improved 
microelectromechanical accelerometer structures. 

It is a further object of the invention to 
provide accelerometer structures fabricated by a 
process which provides submicron feature sizes and 

15 high aspect ratios to permit a close spacing of 
relatively movable parts and which results in high 
sensitivity. 

It is another object of the present invention 
to provide microelectromechanical accelerometer 

20 structures having relatively movable component 
parts having submicron dimensions and having 
control mechanisms for regulating the motion 
therebetween to increase the sensitivity of the 
accelerometer and to thereby provide improved 

25 accuracy. 

A still further object of the invention is to 
provide a microelectromechanical accelerometer 
which . requires low current and power for 
operation, and which provides a high degree of 

30 sensitivity. 

Briefly, the present invention is directed to 
an accelerometer which includes three major 
components: a central, or proof, mass, an 
adjacent capacitive sensor, and a restoring 



spring. The central mass, which is relatively 
movable with respect to the sensor, includes a 
longitudinally extending beam which forms a 
primary support, or backbone, for a plurality of 
parallel, laterally extending fingers lying in a 
common plane. This central mass will be referred 
to herein as the movable portion of the 
accelerometer . The fingers extending from the 
longitudinal beam are interleaved with 
corresponding parallel fingers forming an adjacent 
sensor, these sensor fingers being connected to a 
support such as a substrate adjacent the location 
of the longitudinal support beam structure and 
lying in the plane of the movable fingers. The 
sensor fingers and support will be referred to 
herein as the fixed portion of the accelerometer. 
The longitudinal support beam extends axially 
along the accelerometer, and is supported at each 
end by the restoring spring structure which tends 
to maintain the support beam in a rest location 
with respect to the fixed sensor structure and 
restrains the motion of the support beam. 

The laterally extending movable fingers form 
movable capacitor plates which face corresponding 
opposed sensor capacitor plates on the stationary 
interleaved fingers. When the structure is 
subject to an acceleration force having a 
component in a direction parallel to the backbone, 
each movable finger tends to move toward or away 
from the adjacent fixed sensor finger under the 
restraint of the support spring structure. This 
motion results in a variable capacitance between 
adjacent opposed plates which is used to measure 
the relative displacement of the backbone 
structure. 
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In a preferred form of the invention, the 
support beam and its laterally extending fingers 
are double beam structures which are two orders of 
magnitude stif fer than the restoring springs which 
5 support the structure. Furthermore, the support 
beam and the movable and the stationary fingers 
have a high aspect ratio so that they are 
relatively stiff in the vertical direction. This 
high aspect ratio also provides large capacitor 

10 surfaces for the fingers, while the double beam 
structure provides the mass required for efficient 
operation as an accelerometer . If desired, 
additional mass can be added to the movable 
portion of the structure. 

15 The restoring springs which support the 

movable structure of the accelerometer preferably 
each have a single beam structure. The springs 
extend laterally with respect to the backbone and 
are relatively flexible so as to permit 

20 longitudinal motion of the backbone through 
bending of the springs in the horizontal plane. 
The support springs have a high aspect ratio to 
provide stability in the vertical direction while 
allowing mechanical compliance in the horizontal 

25 plane, while the double beam structure and the 
lateral extension of the spring support beams 
provide stiffness in the lateral direction. The 
spring constants of the support springs can be 
adjusted electromechanically or electrically so as 

30 to adjust the resilience of the accelerometer 
moving structure to thereby adjust the bandwidth 
of frequencies to which it can respond and to vary 
its resonant point. 

The accelerometer structure is fabricated 

35 utilizing a modified version of the Single Crystal 
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Reactive Etching And Metalization (SCREAM-I) 
process which is described in U.S. Application 
Serial No. 08/013,319, filed February 5, 1993, 
which application is hereby incorporated herein by 
5 reference. As stated in that application, the 
SCREAM-I process is a single mask, single wafer, 
dry etch process which uses optical lithography 
for fabricating submicron microelectromechanical 
devices. In accordance with the teachings of that 

10 application, a silicon dioxide layer is deposited 
on a single crystal silicon wafer, this oxide 
layer serving as the single etch mask throughout 
the process. Photolithography is used to pattern 
a resist, and then dry etching, such as magnetron 

15 ion etching, is used to transfer the pattern of 
the accelerometer structure into the oxide. Once 
the resist material is removed, the patterned 
oxide masks the silicon substrate to allow a deep 
vertical silicon RIE on exposed surfaces to 

20 produce trenches having predominately vertical 
side walls and which define the desired structure. 
Next, a conformal coating of PECVD oxide is 
deposited for protecting the side walls of the 
trenches during the following release etch. The 

25 trench bottom oxide is removed within an 
anisotropic RIE, and a second deep silicon trench 
etch deepens the trenches to expose the side wall 
silicon underneath the deposited side wall oxide. 
The exposed silicon underneath the defined 

30 structure is etched away, using an isotropic dry 
etch such as an SF6 etch to release the structure 
and leave cantilevered beams and fingers over the 
remaining substrate. In the SCREAM-I process, 
aluminum is deposited by sputtering to coat the 

3 5 side walls of the released beams and fingers to 
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thereby form the capacitor plates for the 
accelerometer of the present invention. 

In the modified process of the invention, 
prior to the sputtering of aluminum, an etching 
5 step is used to open vias leading to contact pads 
formed in the surrounding substrate and covered by 
a layer of oxide, which vias can be used in 
connecting the accelerometer components to 
external circuitry. Thereafter, the sputtering 

10 step covers the entire top surface with aluminum, 
which also contacts the exposed pads. Finally, 
the aluminum is masked, patterned and etched back 
so that the aluminum provides connections between 
the pads and corresponding circuit elements. 

15 Devices constructed in accordance with the 

foregoing process have extremely small dimensions, 
high aspect ratios, and can provide released, 
movable metal-coated structures closely adjacent 
to corresponding metal -coated stationary 

20 structures, whereby relative movement can be 
detected by the capacitance between opposed 
surfaces. The close spacing of the opposed 
fingers provides high sensitivity, while the 
modified SCREAM process permits fabrication of 

25 such devices on existing integrated circuits for 
interconnection with existing circuitry. The 
photolithographic step allows fabrication of a 
variety of accelerometer shapes as well as the 
formation of control structures for use in 

30 regulating the motion of the released 
accelerometer. Although axial motion of the 
movable structure is of primary importance, a 
modification of the process allows the deposition 
of metal on the substrate surface beneath the 

35 beams so as to permit detection of, as well as 
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control of, vertical motion of the released 
structure with respect to the fixed fingers. 

Brief Description of the Drawings 

The foregoing, and additional objects, 
5 features and advantages of the present invention 
will become apparent to those of skill in the art 
from a consideration of the following detailed 
description of preferred embodiments thereof, 
taken in conjunction with the accompanying 
10 drawings, in which: 

Figs. 1-5 are diagrammatic illustrations of 
a fabrication process in accordance with the 
present invention; 

Fig. 6 is a diagrammatic top plan view of a 
15 preferred embodiment of the accelerometer 
structure of the present invention; 

Fig. 7 is an enlarged perspective view of a 
portion of the structure of Fig. 6; 

Fig. 8 is a diagrammatic top plan view of a 
20 second embodiment of the invention; 

Fig. 9 is a diagrammatic cross-sectional view 
of a portion of the device of Fig. 8; 

Fig. 10 is a diagrammatic top plan view of a 
third embodiment of the invention; 
25 Fig. 11 is a diagrammatic top plan view of a 

fourth embodiment of the invention, illustrating 
a control for a restoring spring structure; 

Fig. 12 is a partial top plan view of the 
embodiment of Fig. 11, illustrating the effect of 
30 an accelerating force on the control of Fig. 11; 

Fig. 13 is a diagrammatic top plan view of a 
fifth- embodiment of the invention, illustrating a 
modified control structure; 
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Fig. 14 is a diagrammatic top plan view of a 
sixth embodiment of the invention, illustrating 
another modified control structure; 

Fig. 15 is a diagrammatic partial top plan 
5 view of the embodiment of Fig. 14, with the 
control activated; 

Fig. 16 is a diagrammatic illustration of a 
feedback control system for the present invention; 

Fig. 17 is a diagrammatic partial perspective 
10 view of a seventh embodiment of the invention, 
illustrating an accelerometer which produces 
torsional motion in response to vertical 
acceleration; 

Fig. 18 is a top plan view of the device of 
15 Fig. 17; 

Fig. 19 is a diagrammatic top plan view of an 
eighth embodiment of the invention, illustrating 
an accelerometer responsive to torsional motion; 

Fig. 20 is a partial top perspective view of 
20 the device of Fig 19; and 

Fig. 21 is a top plan view of a modification 
of the embodiment of Fig. 19. 

Description of Preferred Embodiments 

Capacitance -based accelerometers are 

25 fabricated, in accordance with the present 
invention, utilizing a modified version of the 
process known as Single Crystal Reactive Etching 
And Metalization (SCREAM- 1) , which is a low 
temperature, single-mask bulk micromachining 

30 process which permits construction of high aspect 
ratio single crystal silicon beams. The SCREAM- I 
process, which is diagrammatically illustrated in 
Figs. 1-5, begins with a single crystal silicon 
wafer 10 which provides the substrate in which the 
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accelerometer is to be constructed. The wafer may 
be a 1 mohm cm arsenic silicon, for example, oh 
which is deposited a PECVD silicon dioxide layer 
12. This oxide layer serves as the etch mask 
5 throughout the fabrication process. 
Photolithography is used to pattern a resist, and 
then magnetron ion etching is used to transfer the 
pattern into the oxide, Fig. 1 illustrating a 
simple patterned oxide layer. 

10 After the foregoing pattern transfer, the 

resist is removed and the patterned oxide 12 
serves as a mask for a deep vertical silicon 
trench etch. This step, which may be an RIE 
process which uses a mixture of chlorine and boron 

15 trichloride, etches the substrate 10 in the 
exposed regions around the mask 12 to produce 
corresponding trenches such as those illustrated 
at 14 and 16 in Fig. 2. The trenches are defined 
by substantially vertical side walls such as the 

20 side walls 18 and 20 which define trench 16 and 
the side wall 22 which defines one side of trench 
14. Generally horizontal floor surfaces 24 and 26 
are formed in trenches 14 and 16 by this step. 
The ratio of the silicon etched depth to sidewall 

25 widening is typically 40 to 1 and etch selectivity 
(i.e., the ratio of the silicon etch rate to the 
oxide etch rate) is typically 20 to 1. This 
allows formation of deep trenches defining mesas, 
such as the mesa 28 in Fig. 2, in any desired 

30 pattern as established by the mask 12. 

After formation of the trenches, a conformal 
coating of PECVD oxide 30 is deposited to protect 
the side walls of the trenches during the 
subsequent release etch. Thereafter, the PECVD 

35 oxide layer 30 is removed from the trench bottoms 
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to expose floors 24 and 26, by means of an 
isotropic RIE using, for example, CF 4 . 
Thereafter, a second deep silicon trench etch 
using, for example, Cl 2 RIE deepens the trenches 
5 14 and 16, as illustrated at 32 and 34, 
respectively, to expose the silicon substrate 10 
below the protective oxide layer 30 on the side 
walls. This exposes silicon sidewall portions 36 
and 38 on opposite sides of the mesa 28 and side 

10 wall 40 on the substrate portion surrounding the 
trenches and mesas formed by the pattern 12 . 

As illustrated in Fig. 4, the next step is to 
etch away the exposed silicon underneath the oxide 
layer 30 to thereby release the mesa 28 to form a 

15 beam such as that illustrated at 42 in Fig. 4. 
This release step is carried out by means of an 
isotropic SF 6 etch which releases the structure 
from the underlying substrate. The beam 42 may be 
cantilevered from the side wall, as illustrated in 

20 Fig. 4, or may be supported by suitable posts 
extending from the floor 44 of the trenches 
upwardly to the beam. 

Following the release step, a layer of 
aluminum 46 (Fig. 5) is applied, as by sputter 

25 deposition, to coat the side walls of the released 
beam and the adjacent substrate. This deposition 
also provides a coating 48 on the floor of the 
trenches which are beneath, and spaced from, the 
released beam. The undercutting effect of the 

30 release etch step, which is illustrated at 50 in 
Fig. 5, electrically isolates the layer 48 on the 
floor of the trenches from the side wall coating 
46. The aluminum coating can be selectively 
etched to provide suitable' electrical isolation so 

35 that the coating on the side walls of the beam and 
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on the substrate can act as capacitor plates in 
the accelerometer. The silicon in the beam 42 
serves as the mechanical support for the 
corresponding capacitor plate. 
5 In typical integrated circuit wafers, in 

which the accelerometer of the present invention 
preferably is incorporated, contact pads are 
provided for use in connecting the accelerometer 
to surrounding circuitry. The contact pads are 

10 metal, typically aluminum, formed on an oxide 
insulating layer on the substrate top surface and 
covered by a protective oxide layer. The modified 
fabrication process of the present invention takes 
advantage of such contact pads for interconnecting 

15 the accelerometer to the circuitry on the 
substrate by interposing a second masking and 
etching step prior to the sputter deposition step 
illustrated in Fig. 5. This second masking step, 
which utilizes a resist layer and 

20 photolithography, locates the contact pads so that 
a following etch step through the oxide protective 
layer opens vias to them. 

After the vias are opened, the sputter 
deposition step applies an aluminum layer which 

25 contacts the pads through the vias. Thereafter, 
a third masking step is used to etch away 
undesired aluminum to thereby provide conductive 
paths from the sidewall capacitive plates to the 
contact pads on the surrounding substrate, and 

3 0 from there to the circuitry on the substrate for 
providing control potentials and for sensing the 
motion of the accelerometer. 

A structure fabricated in accordance with the 
foregoing process is illustrated in simplified 

35 form in Figs. 1-5, and includes only a single beam 
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adjacent a nearby substrate. However, more 
complex structures can easily be fabricated using 
the process described above. Such a structure is 
illustrated in top plan view in Fig. 6, to which 
5 reference is now made. The first lithography step 
described above defines the complex structural 
features of the accelerometer of the present 
invention, generally indicated at 60, and these 
features are produced within a cavity 62 formed in 

10 substrate 64 during the trench etch steps 
described above. The process produces vertical 
side walls 66, 68, 70, and 72 for the cavity 62, 
with the surrounding substrate 64 providing the 
mechanical support for the fixed sensor portion of 

15 the accelerometer, as well as desired circuitry 
(not shown) for controlling and/or sensing the 
motion of the movable portion of the 
accelerometer. The sensor portion is connected to 
the side walls 68 and 72 of the cavity 62 and 

20 includes a pair of support beams 74 and 76, 
respectively, which are incorporated as a part of 
the side walls, or which may be cantilevered 
therefrom to extend inwardly into the cavity 62. 
Beam 74 is connected to a plurality of stationary 

25 fingers 80 through 87, which may be solid mesa 
structures extending upwardly from the floor of 
cavity 62, or may be cantilevered, released beams 
of the type illustrated in Fig. 5. Beams 80-87 
extend perpendicularly to support beam 74, are 

30 parallel to each other, and their top surfaces lie 
in a common horizontal plane above the floor of 
cavity 62. These fingers include a layer of oxide 
so that the capacitive plates which they carry are 
electrically isolated from the substrate floor, 

35 and the fingers extend toward and terminate near 
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an axial center line of the cavity 62. The beams 
80 through 87 are fixed so that they are 
relatively stiff and inflexible, have a high 
aspect ratio, and, as illustrated in Pig. 5, are 
5 covered with a coating of electrically conductive 
material such as aluminum to form vertical 
capacitive plates. The aluminum coating also 
provides electrical connection between the side 
wall capacitive plates on each of the beams and an 

10 outlet connector pad 88, preferably located on the 
top surface of substrate 64 and insulated 
therefrom, as described above. 

In similar manner, beam 76 is secured to wall 
68 of cavity 62, preferably at a location 

15 diametrically opposite to the location of beam 74, 
with a plurality of laterally extending spaced 
beams 90-97 extending inwardly from beam 76 toward 
the center axis of the cavity 62 . As with beams 
80-87, the beams 90-97 are parallel to each other, 

20 may be mesa structures extending upwardly from the 
cavity floor, or may be released from the floor so 
as to be cantilevered to the beam 76. The top 
surfaces of beams 90-97 lie in the horizontal 
plane of beams 80-87. Each of the beams 90-97 is 

25 covered with a suitable insulating coating and a 
conductive coating such as aluminum, whereby the 
side walls of the beams form vertical capacitive 
plates. Again, the conductive coating on each of 
the beams 90-97 is connected electrically to an 

30 output connector pad 98 on the top surface of 
substrate 64 by which an electrical connection can 
be made from the fixed capacitive plates to 
suitable external electrical circuitry which may 
be incorporated in the substrate wafer 64 or which 

35 may be external thereto. 
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The accelerometer 60 also includes a movable 
central mass portion generally indicated at 100 
which is fabricated at the same time the inwardly- 
extending stationary fingers 80-87 and 90-97 are 
5 fabricated. The movable portion 100 includes an 
axially- extending support beam 102 between the 
terminal ends of the fingers 80-87 and 90-97. 
Beam 102 serves as a backbone supporting a 
plurality of laterally outwardly extending fingers 

10 110-117 which are interleaved with the inwardly 
extending fingers 80-87, and further includes 
outwardly extending fingers 120-127 interleaved 
with inwardly extending fixed fingers 90-97. 
Preferably, fingers 110-117 are laterally opposed 

15 to fingers 120-127 and lie in the horizontal plane 
of fingers 80-87 and 90-97, but it will be 
apparent that they can be relatively offset, if 
desired. The outwardly extending fingers are 
parallel to, and extend substantially the entire 

20 length of, the corresponding adjacent inwardly 
extending fingers, the terminal ends of the 
outwardly extending fingers terminating near, but 
just short of, the support beams 74 and 76. 

Axial beam 102 and lateral fingers 110-117 

25 and 120-127 may be fabricated in accordance with 
the process described above with respect to Figs . 
1-5, and thus are released from the underlying 
substrate 64 for free movement with respect 
thereto. The movable structure 100, consisting of 

30 the axial beam and lateral fingers, is suspended 
within cavity 62 by movable supports at opposite 
ends of the structure. Thus, the left-hand end 
130, as viewed in Fig. 6, is secured to, or 
preferably is fabricated integrally with, a 

35 laterally extending spring support beam 132 which 
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is flexible in the plane of the accelerometer 
structure to permit axial motion of beam 102 in 
the direction of arrow 134. The beam 132 is 
sufficiently long and its cross-section is 
5 selected, to provide the degree of flexibility 
required to enable the accelerometer to respond to 
selected forces, and is secured at its outermost 
ends to the substrate adjacent connector pads 136 
and 138. The beam 132 serves as a restoring 

10 spring which tends to hold the beam 102, and thus 
the accelerometer moving structure 100, in a 
predetermined rest position with the opposed fixed 
and movable fingers spaced apart as required. The 
spring provides a predetermined resistance to 

15 motion, depending upon the dimensions and thus the 
flexibility of beam 132. 

Beam 132 is fabricated in the manner 
described above with respect to Figs. 1-5, and is 
released from the underlying substrate material in 

20 the cavity 62 for free motion above the floor of 
the cavity. The spring support beam is coated 
with an insulating layer and a conductive material 
such as aluminum so that it can be connected to 
external circuitry by way of connector pads 136 

25 and 138, which are insulated from the underlying 
substrate 64 . 

In similar manner, the opposite end 140 of 
beam 102 is connected to a laterally extending 
spring support beam 142 which serves as a second 

30 spring for suspending the movable element 100 in 
its rest position and for allowing axial motion in 
the direction of arrows 134. The outermost ends 
of spring 142 are connected to the substrate 64 
adjacent corresponding connector pads 146 and 148 

35 which are insulated from the substrate and are 
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provided with an aluminum or other conductive 
coating for electrical connection of the beam to 
suitable external circuitry. 

As is illustrated in Fig. 7, which is an 
5 expanded view of a portion of the device of Fig. 
6, the movable assembly 100 of the accelerometer 
60 is made up of a double beam structure to 
provide extra stiffness and strength to this part 
of the device. As illustrated, the axial support 

10 beam 102, or backbone, consists of two parallel 
longitudinal beams 160 and 162 joined by a 
multiplicity of interconnecting bridges 164 which 
serve as cross-braces. Similarly, each of the 
laterally extending fingers consists of a pair of 

15 parallel, closely-spaced beams such as the beams 
166 and 168 illustrated for beam 118 and a 
multiplicity of cross braces, or bridges 170. 
This double -beam construction provides a high 
degree of stiffness for the moving element 100 so 

20 that the entire element moves unitarily under 
accelerating forces without flexure of the beam 
102 or the fingers 110-117 or 120-127 to provide 
accurate measurements of the change of capacitance 
between opposed plates on the adjacent fixed and 

25 movable finger side walls. 

Typically, in the microstructure of the 
present invention, each of the fixed fingers 80-87 
and 90-97 is between about 5-15/im in height 
depending on whether it is a mesa-type structure 

30 or is cant i levered, is about 4/xm in width, and may 
be 300 or more micrometers in length. If these 
fingers are cantilevered they preferably are 
spaced about 2 to 10/xm above the floor of the 
cavity 62. The spacing between adjacent fingers 

35 can be unequal, so that between adjacent fixed and 
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movable fingers at rest, such as fingers 80 and 
110, the spacing may be about 2/xm, while the 
distance between fingers 110 and 81 may be 8/zm. 
The individual beams making up the parallel sets 
5 of beams in the movable element 100 preferably 
will be of somewhat thinner than the fixed beams 
and may be less than 1/xm in width, although the 
total width of the pair of beams for each movable 
finger may be somewhat greater than the width of 

10 a fixed finger. In one form of the invention, as 
many as 80 individual interleaved capacitor 
fingers may be provided. 

The end return springs 132 and 142 may have 
the same general thickness and height and thus the 

15 same cross -section and aspect ratio as the 
released fingers. The two return springs are 
dimensioned to provide the resilience desired for 
holding the movable element 100 in place, while 
allowing quick and sensitive response to 

20 accelerating forces. The high aspect ratio of the 
springs insures that they will have greater 
flexibility in the axial direction indicated by 
arrows 134 and 144, than in the vertical 
direction, perpendicular to the common plane of 

25 the axial beam 102 and the lateral fingers 110-117 
and 120-127. In one embodiment of the invention, 
the stiffness in the axial direction of beam 102 
was 0.97 N/m while the out-of -plane stiffness, 
resulting from the high aspect ratio springs, was 

30 128 N/m. 

If desired, an additional masking step, 
following the process of Figs. 1-5, can be used to 
remove the side wall oxide and metal films from 
the linear springs 132 and 142. Because the 

35 lateral spring constant (in the direction of 
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arrows 134 and 144) varies with the cube of the 
beam width, the removal of the side wall films can 
reduce the lateral spring constant by up to 2 
orders of magnitude. A further control over the 
5 spring constant is obtained by varying the width 
of the spring beams by regulating the width of the 
silicon. 

The capacitor plates on the side walls of the 
fixed fingers are connected to each other and to 

10 connectors 88 and 98, as noted above, while the 
capacitors formed on the side walls of the movable 
fingers are connected to each other and through 
the metal coating on the axial beam 102 and the 
metallized top surface of spring beam 132 to 

15 connector pad 136. The connectors 88,98 and 136 
are connected to suitable circuitry, which may 
include a source of potential 172, for example, 
which may be an alternating excitation source. 
When the structure is subjected to an accelerating 

20 force, the movable element 100 shifts with respect 
to the fixed fingers 80-87 and 90-97, the movable 
fingers each moving toward or away from the 
corresponding adjacent fixed fingers. This motion 
results in a variable capacitance which can be 

25 determined by measuring changes in the output 
voltage at connectors 88 and 98 to determine the 
displacement of the mass of the movable element 
100. 

The mass of the movable element 100 
30 preferably is on the order of 1.0 nkg. If it is 
assumed that the frequency of the accelerating 
force is significantly lower than the natural 
frequency of the device, and that the lateral 
movable fingers and the axial beam 102 are orders 
35 of magnitude stiffer than the restoring springs 
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132 and 142., the change in separation between 
opposed plates on the fixed and movable fingers 
can be approximated with a simple spring-mass 
model. From this a deformation of 13nm for an 
5 acceleration of 9.8 m/s 2 can be expected, and 
since this deformation is small compared to the 
initial two-micron separation between the 
capacitor plates, the parallel plate approximation 
for the capacitance can be expressed using the 
10 following equation: 

Eq. 1 

Where m is the mass of the device, k is the 
15 lateral spring constant, A is the area of the 
plates, d 0 is the initial separation, and a is the 
acceleration. The capacitance may be measured by- 
applying a 100kHz, 155 mV carrier signal from 
source 172 through the device. The output current 
20 from the pads 88 and 98 is amplitude modulated by 
the change in capacitance caused by the applied 
acceleration. The magnitude of the peaks which 
represent the acceleration is as follows: 

ma 

25 V 0 B H w c CoViR tr Eq. 2 

kd. 

Where V ± is the carrier amplitude, R tr is the 
transresistance, C D is the DC capacitance, co c is 
the carrier frequency, k is the spring constant, 
30 m is the mass of the device, and a is the 
acceleration. Experimental data show that the 
output voltage is linearly related to the 
acceleration. 



£oA ma 
d D kd c 
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Additional mass can be provided for the 
moving structure 100, if desired, by enlarging the 
axial beam 102, as illustrated in Fig. 8. In the 
embodiment there illustrated, accelerometer 180 
5 includes a plurality of fixed fingers 182 
extending inwardly from a surrounding substrate, 
generally indicated at 184 . The fingers 182 may 
extend from both sides of the device, the fingers 
lying in a common plane and being spaced apart to 

10 receive the movable fingers 186 of a movable 
element generally indicated at 188. The movable 
element is suspended at its opposite ends by 
linear springs 190 and 192, in the manner 
described with respect to Fig. 6, so that the 

15 movable fingers 186 lie in the plane of the 
stationary fingers 182 and are movable in that 
plane with respect to the stationary fingers. The 
additional mass is provided by a grid 194 which 
takes the place of the longitudinal beam 102 in 

20 the device of Fig. 6. This grid may be fabricated 
in the form of a plurality of individual 
longitudinal beams and lateral spacers, or may be 
in the form of a plurality of parallel beams 
covered by a layer of material such as tungsten in 

25 the manner illustrated in Fig. 9. As described in 
the aforesaid Serial No. 08/013,319, a layer 196 
of tungsten may be applied to a plurality of 
released beams 198, 199, 200, to provide an 
increased mass, the tungsten covering a selected 

30 portion of the grid formed by the underlying beams 
198-200, for example, and filling in the inter- 
beam spaces to produce a thick conformal blanket. 
The size and thickness of the grid 194 or the 
layer 196 is selected to provide the mass required 

35 for the accelerometer function. 
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As illustrated in Fig. 8, in order to provide 
the additional mass required, it may be necessary 
to widen the spacing between the terminal ends of 
the fixed fingers on both sides of the 
accelerometer device. It will be understood that 
the exact dimensions will be selected in 
accordance with the sensitivity required for the 
forces that are to be measured. 

The accelerometers illustrated in Figs, 6, 7 , 
and 8 are referred to as single -ended 
accelerometers, since motion of beam 102 in either 
direction along its axis causes the spacing 
between each of the movable fingers and its 
corresponding stationary finger to change in the 
same direction. It will be understood that the 
device could also sense motion in a vertical 
direction, toward and away from the floor of 
cavity 62, by changing the dimensions of the 
suspension springs 132 and 142 to allow vertical 
motion. In this case, the movable and fixed 
fingers would be equally spaced on both sides of 
each finger, by a distance of, for example, 2 jim. 

Fig. 10 illustrates a modified version of the 
accelerometer which may be referred to as a 
differential, or double-ended device. As there 
illustrated, accelerometer 210 includes two 
stationary portions 212 and 214, both of which 
interface with corresponding laterally extending 
fingers forming part of a movable element 216. As 
illustrated, section 212 has laterally inwardly 
extending stationary fingers 218 and 220 extending 
inwardly from opposite sides of the accelerometer 
and spaced apart to receive interleaved movable 
fingers 222 and 224, respectively, which extend 
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laterally outwardly from a central, axially 
extending support beam 226. 

In similar manner, the section 214 includes 
rigid fingers 228 and 230 extending inwardly from 
5 opposite sides thereof and interleaved movable 
fingers 232 and 234 extending laterally outwardly 
from beam 226. Opposite ends of beam 226 are 
supported by linear springs 236 and 238, 
respectively, in the manner described above. 

10 The stationary fingers 218 and 220 are 

connected to a first output connector pad 240 
while stationary fingers 228 and 230 are connected 
to a second output connector pad 242. The movable 
structure 216 is connected to a single voltage 

15 supply pad 244. 

The movable fingers in section 212 of the 
accelerometer are on the right-hand side of their 
corresponding stationary fingers (as viewed in the 
figure) while the movable fingers in section 214 

20 are mounted on the left-hand side of their 
corresponding fingers 228. Accordingly, motion of 
the movable element 216 to the left, as viewed in 
the figure, causes fingers 218 and 222 to move 
closer together, while at the same time causing 

25 fingers 228 and 232 to move further apart. This 
provides a differential a change in capacitance 
between the respective plates, and provides a 
differential voltage change at pads 24 0 and 242 so 
as to increase the overall sensitivity of the 

30 accelerometer for a given amount of longitudinal 
motion. 

As indicated above, the sensitivity of the 
accelerometer can be selected by properly 
dimensioning the thickness, height and length of 
35 the suspension springs at the ends of the movable 
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element, but it will be recognized that once 
fabricated, the mechanical structure will have a 
fixed natural, or resonant, frequency and a 
response bandwidth which is limited by the natural 
5 frequency of that structure. Thus, the range of 
input frequencies that the sensor can accurately 
measure is limited by its mechanical structure. 
However, in accordance with a further feature of 
the present invention, a control structure is 

10 provided for electrically or electromechanically 
varying the stiffness of the restoring springs, 
permitting control of the natural frequency of the 
device and increasing the range of frequencies 
that the sensor can accurately measure. 

15 One structure for varying the stiffness of 

the spring and thus the natural frequency of the 
accelerometer is illustrated in Figs. 11 and 12. 
As there illustrated, an accelerometer 250 
includes a movable element 252 having an axial 

20 support beam 254 carrying a plurality of laterally 
outwardly extending fingers 256. As discussed 
above, the fingers 256 are interleaved with 
inwardly extending stationary fingers 258 mounted 
as cantilevers on a substrate 260. The support 

25 beam 254 is mounted at its opposite ends to 
laterally extending linear restoring springs 262 
and 264, both of which are connected at their 
outer ends to a fixed support which includes 
adjacent connector pads such as the pads 266 and 

30 268. Control of the effective force required to 
move the accelerometer structure, and thus control 
of the natural frequency of the structure, is 
provided by a pair of capacitive drivers 270 and 
272, respectively. Driver 270 is illustrated as 

35 including a first plate 274 fixed to the return 
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spring 262 and a second, spaced plate 276 fixedly 
mounted to a support pad 278. The driver is 
electrically connected by way of pad 278 and a 
connector line 280 to a suitable source of control 
5 voltage. By varying the voltage applied to line 
280, the potential across plates 274 and 276 can 
be varied, thereby controlling the force between 
these plates and thereby regulating the 
accelerating force required to enable the movable 

10 support beam 254 to move plate 274 with respect to 
plate 276. Since such motion is due to the 
accelerating forces applied to the accelerometer , 
the voltage applied to line 280 controls the 
sensitivity of the accelerometer. 

15 In similar manner, a voltage applied by way 

of line 282 to capacitor 272 controls the 
effective force required to bend spring 264. 

The voltages applied to the two drivers 270 
and 272 can be used to modify the restoring forces 

20 of the springs 262 and 264 by selecting the 
voltages to oppose each other so that a voltage is 
applied to one of the drivers to move spring 262 
to the left, and a voltage is applied to the other 
capacitor to move spring 264 to the right. If an 

25 accelerating force initiates motion of the 
structure toward the left, for example (see Fig. 
12), the capacitance of capacitor 270 will 
increase and that of capacitor 272 will decrease. 
The resultant force on the element 252 due to the 

30 voltages applied to capacitors 270 and 272 will be 
towards the left, and this will aid the 
accelerating force, thereby producing a net 
reduction in the external force required to shift 
the movable fingers 256 with respect with the 

35 stationary fingers 258. This increases the 
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sensitivity of the device and decreases the 
natural frequency. 

Although drivers 270 and 272 are illustrated 
as parallel plate capacitors, it will be 
5 understood that finger or comb- type capacitors can 
also be substituted for the plate-type capacitors 
to control the motion of the springs. 

An increase in the effective restoring force 
of the support springs can be obtained in the 

10 manner illustrated in Fig. 13 wherein an 
accelerometer 290 includes a movable element 292 
having laterally outwardly extending fingers 294 
extending from a central, axially extending 
support beam 296. Beam 296 is connected at its 

15 opposite ends to laterally extending linear 
suspension springs 298 and 300 which are fixed at 
their outer ends and which are flexible to permit 
longitudinal motion of beam 296 and corresponding 
motion of the fingers 294 with respect to 

20 stationary interleaved fingers (not shown) . To 
increase the effectivee restoring force of the 
springs 298 and 300, a pair of control capacitors 
302 and 304 are provided. In this embodiment, 
capacitor 3 02 includes a first comb- shaped plate 

25 306 connected to the movable element 292 and a 
second, opposed comb-shaped plate 308 connected to 
a fixed pad 310 on the substrate in which the 
accelerometer is mounted. Capacitor 304 is 
similarly constructed. 

30 A force applied to the accelerometer to cause 

the movable element 292 to shift towards the left 
(as viewed in Fig. 13) will cause plate 306 to 
shift towards the left with respect to the fixed 
plate 308. A voltage applied across those plates 

35 will tend to restore the plate 306 to its rest 
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position (illustrated in the figure) . The greater 
the accelerating force applied to the movable 
element 292, the greater the displacement of plate 
306 with respect to plate 308. By controlling the 
5 voltage applied across the plates the restoring 
force can be controlled to provide the desired 
effective stiffness for the springs 298 and 300. 
The minimum voltage required to hold the movable 
element 292 in place is a measure of the 

10 accelerating force applied to that element. 

Figs. 14 and 15 illustrate an 
electromechanical method for increasing the 
restoring force of the return springs for the 
accelerometer . As there illustrated, the 

15 accelerometer 320 includes a movable portion 322 
having, as before, an axial support beam 324 and 
a plurality of laterally outwardly extending 
fingers 326. The opposite ends of the beam 324 
are supported by laterally extending linear 

20 suspension springs 328 and 330 which are supported 
at their outermost ends on fixed pads such as the 
pads 332 and 334. Adjacent each of the springs 
328 and 330 is a pair of clamping capacitors such 
as the capacitors 336 and 338 adjacent spring 328. 

25 These two capacitors are mounted on a flexible 
support beam 340 which is, in turn, mounted at its 
center by way of arm 342 to a fixed pad 344 . A 
voltage may be applied to the two capacitors 336 
and 338 by way of an input line 346 and 

30 electrically conductive coatings on pad 344 and 
beams 340 and 342. An application of a suitable 
voltage draws the plates of capacitors 336 and 338 
together, as illustrated in Fig. 15, thereby 
bending the support beam 340 and effectively 

35 connecting beams 340 and 328 in parallel to 
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thereby mechanically change the flexibility of 
beam 328. In similar manner, the flexibility of 
beam 330 can be changed by the application of a 
voltage to capacitors 348 and 350 which are 
5 constructed in a manner similar to that of 
capacitors 336 and 338. After the capacitors for 
both beams 328 and 330 are clamped, the system 
becomes stiffer and the natural frequency 
increases, with a consequent decrease in 

10 sensitivity. It will be understood that a layer 
of insulation will be included between the plates 
of the clamping capacitors and the restoring 
springs 328 and 330 to prevent sticking and to 
prevent short circuits. 

15 The voltages applied to the capacitive 

drivers in each of the embodiments of Figs. 11-14 
are controllable to vary the response of the 
accelerometer to externally-applied forces. These 
voltages can be used to correct for manufacturing 

20 errors by providing a zero adjust, or can be used 
to bias the accelerometer in one direction or the 
other. If desired, the voltages can be applied to 
pull in opposite directions on opposite ends to 
tune the resonant frequency of the device, or the 

25 voltages can be applied in such a way as to 
prebend the springs into a region of nonlinearity, 
so that there is a nonlinear response to 
acceleration. 

In each of the embodiments illustrated 

30 herein, an active feedback system may be 
incorporated to measure the capacitance between 
the plates on the fixed and movable fingers caused 
by relative motion of the plates and to provide a 
feedback voltage that can be applied to restore 

35 the movable fingers to their rest position. The 
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feedback voltage is a measure of the applied 
force. In such a system, the change in 
capacitance due to the applied force is measured 
by the current flow through the plates, for 
5 example, and this value is used to adjust the 
voltage applied to the movable element to thereby 
hold the movable element at its rest position with 
respect to the fixed structure. The feedback 
voltage varies instantaneously with changes in the 

10 applied force, so the movable element does not 
move, with the result that errors due to 
nonlinearities caused by relative motion of the 
parts is eliminated, and the accuracy and 
sensitivity of the system is increased. Such a 

15 feedback system is illustrated diagrammatically in 
Fig. 16 where a variable voltage supply 360 
supplies potential to the movable plates 362 of 
the accelerometer . The current flow between the 
variable plates 362 and the stationary plates 364 

20 is measured by a current sensor 366 and compared 
to a reference value. A difference signal is 
applied by way of line 368 to regulate the 
variable supply 360 to maintain a predetermined 
spacing between the fixed and movable plates. The 

25 value of the signal 368 may be used to determine 
the value of the accelerating force applied to the 
movable plates 362. Such a system can be used, 
for example, to provide a feedback voltage to 
maintain the alignment of capacitor plates 306 and 

30 308 in Fig. 13, or to control the voltages applied 
to capacitors 270 and 272 in Fig. 11. 

Although the foregoing discussion has been 
directed to variations of capacitance caused by 
motion of the movable element; for example, 

35 element 100 in Fig. 6, in the plane of the 
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capacitor plates, it will be understood that 
motion perpendicular to that plane can also be 
measured, since there is a capacitance between the 
capacitor plates carried by the moving fingers and 
5 the underlying substrate or a metal layer or that 
substrate. This is illustrated in Fig. 5, where 
metal layer 48 can serve as a ground plate with 
respect to the metal layer 46 on the beam 42. The 
capacitance between these metal layers can be used 

10 to detect motion perpendicular to the plane of the 
fingers so that the accelerometer is three 
dimensional. Although the layer 48 is shown as 
being on the semiconductive substrate 10, it will 
be understood that an insulating layer can be 

15 provided on the floor of the trenches before the 
metal layer is applied so as to insulate layer 48 
from the underlying substrate. 

The fabrication process described above can 
also be used for making a torsional motion sensor 

20 such as that illustrated in Fig. 17. In the 
embodiment there illustrated, a movable element, 
or beam, 380 is located within a cavity 382 in the 
substrate, and is mounted for rotational motion 
about the axis 383 of a shaft 384. As illustrated 

25 in Fig. 18, shaft 384 extends accross the cavity 
382 to mount the movable element 380 on the side 
walls 386 and 388 defining the cavity, which is 
formed within substrate 390. As most clearly seen 
in Fig. 17, the movable element 380 may be 

30 fabricated to be asymmetrical with respect to the 
shaft 384 so that the left hand side, as viewed in 
Figs. 17 and 18, of the movable element is more 
massive than the right hand side 392. This uneven 
[ distribution of mass, which may be produced by 

35 fabricating apertures 393 in side 392, causes the 
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movable element 380 to twist around the axis of 
shaft 384 when the movable element is subject to 
a vertical motion in the direction of arrows 394. 
The twisting motion produced by rotation of 
5 the movable element 380 about the axis of shaft 
384 is resisted by the spring action of the shaft 
which tends to restore element 380 to its neutral 
horizontal position. Motion of element 380 may be 
detected by corresponding capacitor plates located 

10 on the movable device and on the surrounding 
substrate, as previously discussed. Thus, for 
example, a conductive layer 395 on the movable 
element 380 may be used to form a common plate for 
each of a pair of motion sensing capacitors. The 

15 plate 3 95 may be connected to external circuitry 
by way of metallic layer 396 on the shaft 384 
leading, for example, to a connector pad 398 on 
the surface of the substrate. As illustrated in 
Fig. 17, the plate 395 extends vertically down the 

20 sides of the movable element 380, at 400 and 402 
on the left and right vertical walls, 
respectively, of element 380. It will be 
understood that an electrically insulating layer 
403 of dielectric material is provided between the 

25 substrate and the metal. 

The vertical walls 400 and 402 form movable 
capacitor plates which are adjacent corresponding 
spaced stationary plates 404 and 406, 
respectively, to form sensing capacitors 408 and 

30 409. Electrode plate 404 is formed on the top of 
substrate 390 and extends over the side wall 411 
of the cavity. In similar manner, the electrode 
406 is located on the surface of the substrate and 
extends over the side wall 411 of the cavity so 

35 that motion of the movable element 380 shifts 



WO 94/28427 




PCT/US94/05499 



31 

capacitor element 400 with respect to 
corresponding element 404 and shifts element 402 
with respect to corresponding element 406. The 
relative motion of the plates changes the 
5 capacitance of both capacitor 408 and capacitor 
409, and these changes can be detected by suitable 
circuitry connected to the various capacitor 
plates by way of the electrodes on the surface of 
the substrate. The element 380 and the capacitors 

10 408 and 409 form a sensitive motion detector 
capable of measuring small changes in capacitance 
to provide a sensitive measurement of relative 
vertical motion. 

During deposition of metal layer 395 after 

15 fabrication of element 380, metal layers 412 and 
413 are deposited on the floor 414 of cavity 382. 
These metal layers may be also serve as capacitive 
plates to provide vertical forces on one side or 
the other of the rotatable element 380. 

20 It will be understood that the movable 

element 380 may be fabricated to be symmetrical 
with the shaft 384 so that the mass on each side 
of the shaft is the same. In this situation, 
vertical motion or acceleration of the device in 

25 the direction of arrows 392 will result in bending 
of the shaft 384 in a vertical direction, rather 
than rotation. This motion can also be measured 
by the capacitors 408 and 409, as discussed above, 
or by the capacitance between layer 395 and plates 

30 412 and 413. 

Through conventional masking techniques 
material can be added to the movable element 380 
on one side or the other of the axis of shaft 384 
to adjust its sensitivity to vertical acceleration 

35 of the substrate. The material added can be 
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tungsten, for example, added to the top surface of 
the element 380 through a mask to change the 
balance of the element 380 and thus to change the 
characteristics of the accelerometer . 
5 It will be understood that rotational, or 

torsional, motion imposed on the substrate 390; 
for example, motion about the axis of shaft 384, 
can also be measured by the device of Figs. 17 and 
18. Thus, rotation of the substrate 390 in a 

10 clockwise direction about the shaft 384 will 
result in relative motion between the plates 400 
and 404 between plates 402 and 406, and between 
layers 395 and layers 412 and 413, to produce 
changes in capacitance which can be measured, as 

15 discussed above. 

Torsional motion can also be measured by the 
device illustrated in Figs. 19 and 20, wherein a 
central, elongated support beam, or arm is mounted 
on a vertical post or pedestal for rotational 

20 motion in a horizontal plane about the axis of the 
vertical support. As illustrated in these 
figures, a substrate 420 incorporates a cavity 
422, which in this case is illustrated as being 
circular, with a vertical post, or pedestal, 424 

25 extending upwardly from the floor 426 of the 
cavity. Fabricated on the top end of the shaft is 
an accelerometer sensor element 428, which in this 
case is in the shape of an elongated beam 429 
extending across the cavity and movable in a 

30 horizontal plane perpendicular to the axis of 
pedestal 424. The arm 429 includes portions 429' 
and 429'' which terminate at a pair of laterally 
extending, arcuate fingers 430 and 432, 
respectively, unitarily formed with the arm 429. 

35 Only one finger is shown at each end of the arm 
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429 , but it will be understood that multiple 
fingers can be provided. The fingers 43 0 and 432 
act as inert ial weights for the movable arm 429 so 
that when a rotational, or torsional force having 
5 a component in the horizontal plane of arm 429 is 
imposed on the substrate 420, for example in the 
direction of arrows 434, the inertia of lateral 
fingers 430 and 432 will produce a bending motion 
in arm portions 429' and 429' ' about the axis of 

10 pedestal 424 which is resisted by the spring 
action of the shaft. The length and thickness of 
the fingers 430 and 432, their number, the gap 
between them as well as the length and thickness 
of arm 429, including an enlarged hub portion 436, 

15 determine the mass of the device and thus its 
sensitivity to torsional forces. As noted above 
with respect to the device of Fig. 17, the 
sensitivity of the device may be varied by adding 
an additional metal layer to the arm 429 as well 

20 as to the fingers 430 and 432, the use of suitable 
masks permitting accurate control of the placement 
of such additional material. The pedestal 424 
acts as a support for the element 428, with the 
spring action of arm portions 429' and 429'' 

25 urging the element toward its normal rest 
position. 

The cavity 422 is shaped to receive the 
fingers 430 and 432 in a pair of coresponding 
cavity extensions 438 and 440, which are generally 
30 arcuate and which incorporate inne and outer 
arcuate walls 442 and 444 (see Fig. 19) for finger 
430 and inner and outer arcuate walls 446 and 448 
for finger 432 (see Fig. 20) . The arcuate walls 
are coaxial with the arcuate fingers so that the 
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torsional motion of the fingers is between the 
opposite and inner and outer walls. 

To sense the relative motion of the arm 429 
with respect to the substrate 420, four capacitor 
5 plates are provided, plates 450, 451, 452 and 453 
being positioned on the surface of substrate 420 
and extending downwarding onto walls 442, 444, 446 
and 448, on opposite sides of corresponding ends 
of lateral fingers 430, and 432, respectively. 

10 The capacitor plates, in the illustrated 
embodiment', are arcuate, as are the walls which 
support them, and are spaced sufficiently appart 
to permit motion of the arcuate fingers 430 and 
432 between the respective arcuate walls carrying 

15 the plates, with the surfaces of the plates 
thereby being concentric with the axis of pedestal 
424. 

Bending motion of the arm 429 with respect to 
the substrate 420 causes each of the fingers 430 

20 and 432 to move further between one or the other 
of its associated capacitor plates and to move out 
of the other of its associated capacitor plates to 
differentially change the capacitance measured by 
each pair. This permits a highly sensitive 

25 measurement of capacitance changes upon the 
application of rotational forces, thereby 
providing a very sensitive torsional 
accelerometer. The stationary plates for the 
capacitors are connected to external circuitry 

30 through suitable connectors on the surface of the 
substrate, as previously discussed. Movement of 
the fingers 430 and 432 between the capacitive 
plates changes the capacitance therebetween and 
such changes are detectable by suitable circuitry 

35 (not shown) connected to the conductive strips. 
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The plates 450-453 preferably consist simply of a 
conductive layer of metal formed on corresponding 
surfaces of the cavity walls. 

Fig. 21 illustrates an embodiment of the 
5 invention wherein the cavity 422 in substrate 420 
is enlarged to receive extensions of the movable 
arm 429. In this embodiment, elements in common 
with the device of Fig. 19 are similarly numbered. 
Thus, capacitor plates 450-453 are connected to 

10 suitable external circuitry (not shown) as 
previously discussed. In this case, the movable 
element 429 includes a pair of extension weights 
470 and 472 mounted by way of extension arms 474 
and 476, respectively, to opposite ends of movable 

15 arm 429. The weights 470 and 472 are enlarged 
masses which are also movable with arm 429, and 
provide greater inertia to the movable element 428 
to increase the sensitivity of the device to 
torsional or rotational forces, thereby providing 

20 a more sensitive torsional accelerometer . The 
weights 470 and 472 are fabricated from the 
substrate material in the manner described above, 
and may be covered by metal to a thickness 
sufficient to provide the desired mass, and thus 

25 the desired sensitivity, for the device. 

Although the present invention has been 
disclosed in terms of preferred embodiments, it 
will be understood that modifications and 
variations can be made without departing from the 

3 0 true spirit and scope thereof, as set forth in the 
following claims. 
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What is claimed is : 

1. A micromechanical accelerometer 
comprising 

an elongated support beam movable in 
5 response to accelerator to be measured; 

a plurality of laterally extending, 
spaced, parallel fingers extending from and 
carried by said support beam and movable with said 
beam; and 

10 a flexible restoring spring connected to 

and carrying said elongated support beam, said 
spring urging said support beam to a rest 
position; 

wherein said movable beam, movable 
15 fingers and spring have high aspect ratios with 
minimum dimensions in the range of 1-3 
micrometers . 

2 . The accelerometer of Claim 1 , further 
including sensor means adjacent said lateral 

20 fingers for detecting motion of said elongated 
support beam and said lateral fingers. 

3. The accelerometer of Claim 2, wherein 
said sensor means includes a plurality of parallel 
fixed fingers interleaved with said movable 

25 fingers. 

4. The accelerometer of Claim 3, further 
including electrically conductive means on said 
fixed and movable fingers to form capacitors 
variable in response to relative motion of said 

30 fixed and movable fingers. 

5. The accelerometer of Claim 3, wherein 
said interleaved fixed and movable fingers lie in 
a common plane, said fixed and movable fingers 
having opposed corresponding vertical surfaces, 

35 said accelerometer further including electrically 
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conductive layers or at least selected parts of 
said opposed vertical surfaces to provide 
corresponding capacitors variable in response to 
relative motion of said fixed and movable fingers. 
5 6. The accelerometer of Claim 5, further 

including control means for said flexible 
restoring spring to regulate the force applied by 
said spring to said support beam. 

7. The accelerometer of Claim 5, wherein 
10 said support beam and said movable fingers are 

fabricated with a sufficiently high degree of 
stiffness to cause said movable fingers to move 
unitarily and uniformly with said support beam. 

8. The accelerometer of Claim 7, wherein 
15 each of said support beam and movable fingers is 

comprised of a double-beam structure with 
interconnecting bridges to provide a high degree 
of stiffness. 

9. The accelerometer of Claim 8, wherein 
20 said fixed fingers have high aspect ratios with a 

width greater than the width of the movable 
fingers . 

10. The accelerometer of Claim 9, wherein 
said fixed and movable fingers have heights in the 

25 range of 5-15 micrometers. 

11. The accelerometer of Claim 9, further 
including control means for said flexible 
restoring spring to regulate the force applied by 
said spring to said support beam. 

30 12. The accelerometer of Claim 11, wherein 

said control means includes clamping means for 
varying the flexibility of said restoring spring. 

13. The accelerometer of Claim 11, wherein 
said control means includes means for applying a 
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capacitive force to said restoring spring for 
varying the flexibility of said restoring spring. 

14. The accelerometer of Claim 7, wherein 
said elongated beam has a longitudinal axis and 

5 first and second ends, said flexible restoring 
spring being connected to said first end of said 
beam to permit said beam to move along said axis. 

15. The accelerometer of Claim 14, further 
including a second flexible restoring spring 

10 connected to said second end of said elongated 
beam to permit said beam to move along said axis. 

16. The accelerometer of Claim 15, wherein 
each of said flexible restoring springs is an 
elongated flexible beam integral with said support 

15 beam, extending laterally therefrom, and having 
outer ends fixedly supported, whereby said springs 
position said support beam and said movable 
fingers with respect to said interleaved fixed 
fingers and permit axial motion of said support 

20 beam and movable fingers. 

17. The accelerometer of Claim 16, further 
including control means for varying the 
flexibility of said support springs. 

18. The accelerometer of Claim 16, further 
25 including control means for regulating the motion 

of said support beam and springs. 

19. The accelerometer of Claim 18, wherein 
said control means includes a feedback system. 

20. The accelerometer of Claim 18, wherein 
3 0 said control means includes clamping means for 

mechanically changing the flexibility of said 
springs . 

21. The accelerometer of Claim 18, wherein 
said control means includes capacitor means 
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connected to regulate the motion of said support 
beam and springs. 

22. The accelerometer of Claim 16, wherein 
said movable fingers and said fixed fingers are 

5 interleaved to provide a single -ended 
accelerometer . 

23. The accelerometer of Claim 16, wherein 
said movable and fixed fingers are interleaved to 
provide a differential accelerometer. 

10 24. The accelerometer of claim 1, wherein 

said support beam is mounted for rotary motion 
about a support axis for measurement of angular 
acceleration. 

25. The accelerometer of claim 24, wherein 
15 said laterally extending fingers are arcuate and 

coaxial with said support axis. 

26. A microelectromechanical accelerometer, 
comprising: 

a single crystal silicon substrate 
20 incorporating a cavity for receiving an integrally 
fabricated single crystal silicon movable beam 
element ; 

resilient spring means supporting said 
beam element for relative motion with respect to 
25 said substrate, said spring means urging said beam 
element to a rest position, said beam being 
movable away from its rest position in response to 
accelerator to be measured; and 

means on said beam for providing inertia 
30 to said beam; and 

sensor means adjacent said beam to 
measure the relative motion of said beam and 
substrate and to thereby measure said accelerator. 

27. The accelerometer of claim 26 wherein 
35 said beam element is mounted to said substrate 
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within said cavity by means of said resilient 
spring means, said beam element having opposed 
ends released from said substrate for motion, said 
sensor means comprising corresponding capacitive 
5 means on said inertia means and on said substrate 
adjacent said inertia means. 

28. The accelerometer of claim 27, wherein 
said resilient spring means comprises a vertical 
post, said beam element being centrally supported 

10 on said post for motion in a horizontal plane, and 
wherein said means providing inertia comprises 
lateral arms extending from opposite ends of said 
beam means. 

29. The accelerometer of claim 26, wherein 
15 said beam element is supported by a longitudinal 

shaft extending through said cavity, and wherein 
said means providing inertia comprises means 
providing an unbalanced mass on lateral sides of 
said beam, whereby acceleration having a vertical 
20 component causes torsional motion of said movable 
beam element with respect to said substrate. 
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